This paper studies employing antenna array to reconfigure wireless power transmission in fully-enclosed space (that is, environments enclosed by conducting walls, such as spacecrafts and engine compartments). Because strong coupling may appear among array elements, conventional phased array is not the best approach. We find parasitic array, which includes one driver element and multiple parasitic elements, an excellent candidate to achieve high power transmission efficiency in fully-enclosed space. Phased array and parasitic array are analyzed and compared with each other; closed-form expressions of maximum power transmission efficiency are derived when the array includes two elements. With the theoretical analysis as guideline, some experiments are conducted in a cubic box with size of 1 cubic meter and with aluminum walls. Experimental results demonstrate that, parasitic array offers higher power transmission efficiency than phased array in most of the scenarios. To be more specific, the power transmission efficiency could always reach 90% when a parasitic array includes 4 elements (i.e., 1 driver element and 3 parasitic elements) and when the receiver changes its location in a 60 cm by 60 cm region.
I. INTRODUCTION
Wireless power transmission in fully-enclosed space has been investigated by numerous researchers in recent years. Specifically, feasibility of supplying wireless power to sensors and tags in certain practical fully-enclosed environments such as spacecrafts [1] , engine compartments [2] , [3] , and greenhouses [4] has been studied. Wireless power transmission in fully-enclosed space has also enabled powering devices implanted in animal bodies wirelessly in medical experiments [5] - [7] . When wireless power transmission is confined by a box with metallic walls or frequency selective surfaces, the resultant scheme resembles a microwave oven: multiple electronic devices inside the box acquire electrical power without wiring [8] , [9] . The box dedicated to wireless power transmission could be as large as a living room [10] , [11] .
Inside a box fully enclosed by conducting walls, the power level associated with wireless power transmission is not The associate editor coordinating the review of this manuscript and approving it for publication was Chow-Yen-Desmond Sim . limited by regulations established for human safety and/or electromagnetic compatibility [12] . Meanwhile because the conducting walls prevent radiation loss, high wireless power transmission efficiency (greater than 80%, for instance) is possible in fully-enclosed box [1] . However, the conducting walls enforce the electromagnetic field to exhibit strong standing wave pattern in fully-enclosed space. Consequently, a wireless power receiver would receive little power if it resides at ''dark spots'' of the standing wave pattern. If a wireless power receiver is not stationary inside the box or if a wireless power receiver's location is unknown to the wireless power transmitter, the standing wave pattern must be reconfigured in real time to avoid dark spots from the wireless power receiver's location. As a matter of fact, the dark spots issue occurs in microwave oven too, and it is resolved by either rotating the food or stirring the field distribution. In [13] , mechanical stirring is applied to perturb the standing wave patterns and in turn improve wireless power transmission efficiency in the statistical sense. The research in [14] , [15] takes advantage of multiple frequencies/modes to relieve the dark spots' impact.
Employing antenna array is another effective approach of reconfiguring electromagnetic field. Antenna array could operate at a single frequency, and does not have to resort to wideband antennas or circuits. In addition, antenna array's radiation could be reconfigured by electronic means rather than by mechanical means. Therefore, antenna array may be a more appealing resolution to reconfigure wireless power transmission than [13] - [15] in certain applications. Among the antenna array techniques, phased array is the most popularly adopted and it has been studied extensively in the context of wireless power transmission [16] . However, phased array is not an optimal approach in fully-enclosed space, largely because there may exist strong coupling among the array elements. In our previous publications, a parasitic array architecture is proposed for wireless power transmission in fully-enclosed space [17] , [18] . In a parasitic array, only one antenna element, termed as ''driver element,'' is excited by a power source. The other antenna elements in the parasitic array, termed as ''parasitic elements,'' are terminated by purely-reactive loads. A similar scheme is proposed in [19] , in which the parasitic elements are termed ''matching probes.'' Parasitic array is not a new concept. As a matter of fact, the classic Yagi-Uda antenna is a parasitic array. In a Yagi-Uda antenna, only one element of the array is connected to a source/excitation, and the other elements can be modeled as dipoles terminated by short [20] . Several other types of parasitic array have been researched in the literatures as well [21] , [22] . Though parasitic array has significantly lower cost and complexity than phased array, in practice parasitic array is not as popular as phased array, as phased array is found more flexible and scalable generally. Nevertheless as far as wireless power transmission in fully-enclosed space is concerned, we believe parasitic array is a better candidate than phased array. In fully-enclosed space, it is possible for the coupling between the driver element and a parasitic element to be very strong even when they are far apart spatially, which facilitates the performance of parasitic array. On the other hand, strong coupling among array elements is harmful to phased array. In this paper, phased array and parasitic array in fully-enclosed space are analyzed and compared with each other; closed-form expressions of maximum power transmission efficiency are derived when the array includes two elements. With the theoretical analysis as guideline, some experiments are conducted in a cubic box with size of 1 cubic meter and with aluminum walls. Experimental results demonstrate that, parasitic array offers higher power transmission efficiency than phased array in most of the scenarios. To be more specific, the power transmission efficiency could always reach 90% when a parasitic array includes 4 elements (i.e., 1 driver element and 3 parasitic elements) and when the receiver changes its location in a 60 cm × 60 cm region. This paper is organized as follows. Section II analyzes the conventional phased array and the proposed parasitic array theoretically. In Section III, some experimental results are presented to verify the theoretical analysis. Section IV relates to our conclusions.
II. THEORETICAL ANALYSIS OF RECONFIGURABLE ANTENNA ARRAY FOR WIRELESS POWER TRANSMISSION IN FULLY-ENCLOSED SPACE
This section presents theoretical analysis of employing antenna array to reconfigure wireless power transmission in fully-enclosed space. Specifically, two antenna array configurations are analyzed and compared with each other: the conventional phased array and the proposed parasitic array. Figure 1 illustrates the conventional phased array configuration for wireless power transmission in fully-enclosed space. The wireless power transmitter includes M antenna elements. Each of the M antenna elements is excited by a continuous-wave (CW) source. The amplitude and phase of each excitation are adjusted individually, via M variable gain amplifiers and M phase shifters. It is well known that, electromagnetic field in the fully-enclosed space can be reconfigured by adjusting the variable gain amplifiers and phase shifters. The wireless power receiver includes one antenna element terminated by a matched load.
The proposed parasitic array configuration is depicted in Fig. 2 . The wireless power transmitter includes M antenna elements. Only one of the M elements, termed as ''driver element,'' is connected to a continuous-wave (CW) source. The other (M −1) elements, termed as ''parasitic elements,'' are terminated by purely-reactive loads. After the source's power is radiated by the driver element, certain portion of the power is coupled to the parasitic elements. Further because the parasitic elements are terminated by purely-reactive loads, the coupled power is re-radiated into the fully-enclosed space. The total electromagnetic field in the fully-enclosed space is the sum of direct radiation from the driver element and reradiation from the parasitic elements. If the reactive loads are tunable, the re-radiation's phase would be altered and the total field in the fully-enclosed space would be reconfigured. The wireless power receiver includes one antenna element terminated by a matched load.
The phased array in Fig. 1 and parasitic array in Fig. 2 are both capable of reconfiguring electromagnetic field. Both phased array and parasitic array have been investigated for years. For instance, the classic Yagi-Uda antenna is a parasitic array. In a Yagi-Uda antenna, only one element of the array is connected to the source/excitation, and the other elements can be modeled as dipoles terminated by short [20] . Actually, the term ''driver element'' in Fig. 2 follows the terminology of Yagi-Uda antenna. Though parasitic array has significantly lower cost and complexity than phased array, in practice parasitic array is not as popular as phased array. In a parasitic array, the contribution of a certain parasitic element to the total electromagnetic field depends on how much power it couples from the driver element. In other words, if the coupling between the driver element and a certain parasitic element is weak, the parasitic element's role is minimal. On the other hand, each element's contribution of a phased array is controlled individually, and as a result, phased array appears more flexible and scalable. Nevertheless as far as wireless power transmission in fully-enclosed space is concerned, we believe parasitic array is a better candidate than phased array. Since radiation is blocked by conducting walls in fully-enclosed space, it is possible for the coupling between the driver element and parasitic elements to be very strong. Consequently, a parasitic element could play important role even when it is far away from the driver element in space.
On the other hand, strong coupling among array elements is harmful to phased array, as it prevents each element from being adjusted independently. In the following, phased array and parasitic array are modeled using scattering parameters and compared with each other. Both theoretical analysis and numerical results reveal that parasitic array is a better candidate to accomplish efficient wireless power transmission in fully-enclosed space than conventional phased array.
The conventional phased array configuration in Fig. 1 can be modeled as an (M +1)-port network
In (1), vector a i = [a 1 , a 2 , . . . , a M ] T represents the incident waves at the M ports of the transmitter, and vector
represents the outgoing waves at the M ports of the transmitter, where superscript ''T '' is the transpose operator. The subscript ''i'' in a i and b i stands for ''input.'' a o in (1) represents the incident wave at the receiver port, and b o in (1) represents the outgoing wave at the receiver port, with subscript ''o'' standing for ''output.'' In (1),S ii is an M ×M matrix, S io is a column vector with M elements, S oi is a row vector with M elements, and S oo is a scalar. Since the output port of the receiver is terminated by a matched load,
The power transmission efficiency (PTE), denoted by η, can be found as
According to the Cauchy-Schwarz inequality,
and the equality holds if and only if a i is proportional to (S oi ) H , where the superscript ''H '' is the conjugate transpose operator. Therefore,
where A is a nonzero constant. Maximizing the PTE of phased array can be interpreted from another point of view. Assume that the fully-enclosed space is lossless and its conducting walls are lossless too. The power delivered to the receiver would be maximized when the total outgoing power at the transmitter's M ports is minimized. Thus, maximizing the PTE is equivalent to minimizing |b i | 2 /|a i | 2 . It should be noted that, the term to be minimized, |b i | 2 /|a i | 2 , involves vectors of M elements. Such a minimization problem becomes more and more complicated with the increase of M . Particularly when the coupling among array elements is strong, excitation to one array element may produce large outgoing power at another array element. As a result, it appears fairly difficult for phased array to achieve high PTE in fully-enclosed space, especially when M is large. The proposed parasitic array configuration in Fig. 2 can also be modeled as an (M +1)-port network
Figure 3 provides a pictorial explanation of (6). In (6), scalar a i represents the incident wave at the driver port of the transmitter, and scalar b i represents the outgoing wave at the driver port of the transmitter. Subscript ''i'' in a i and b i stands for ''input,'' as the driver is the only element connected to a source/excitation. a o in (6) represents the incident wave at the receiver port, and b o in (6) represents the outgoing wave at the receiver port, with subscript ''o'' standing for ''output.''
T are the incident and outgoing wave vectors at the M − 1 parasitic ports respectively. Since the parasitic ports are terminated by reactive loads and their job is ''to reflect the power,'' subscript ''r'' is adopted to stand for ''reflection.'' In (6),S rr is an (M − 1) × (M − 1) matrix, S ri and S ro are column vectors with (M − 1) elements, and S ir and S or are row vectors with (M − 1) elements. Assume the receiver port is terminated by a matched load. a o = 0 and from (6),
Since the (M -1) parasitic ports are terminated by purelyreactive loads, vectors a r and b r are related to each other by
where
φ m is the phase of the reflection coefficient at the m-th parasitic port, and j = √ −1. By substituting (8) into (9), it is easy to arrive at
Next, by substituting (11) into (7), b o can be obtained as
The power transmission efficiency (PTE) is
Achieving the optimal PTE using parasitic antenna array can be formulated as an optimization problem of maximizing η by selecting the optimal reflection coefficients, i.e.,
Maximizing the PTE of parasitic array can be interpreted from another point of view. Assume that the fully-enclosed space is lossless and its conducting walls are lossless too. At the same time, the (M −1) parasitic ports are lossless as well. The power delivered to the receiver would be maximized when the outgoing power at the driver port is minimized. Thus, maximizing the PTE is equivalent to minimizing |b i | 2 /|a i | 2 . It is worthwhile noting that, in a parasitic array the term to be minimized is always one scalar regardless of the value of M . It is much simpler than the optimization problem associated with phased array (which involves vectors of M elements). Therefore intuitively, it should be easier for parasitic array to achieve high PTE than phased array in fullyenclosed space, especially when M is large.
When M = 2 (that is, when there are two elements in the antenna array), it is possible to derive the closed-form expressions of maximum power transmission efficiency η max for both phased array and parasitic array. The derivations are presented in the rest of this section. Also, a 2-element phased array and a 2-element parasitic array are compared with each other in term of η max . When there are more than two elements in the array, arriving at closed-form expressions of η max would become unaffordable. However, the insights obtained from analyzing 2-element arrays can be extended to the ''M > 2'' scenarios, as demonstrated by some experimental results in Section III.
A. CLOSED-FORM EXPRESSION OF MAXIMUM POWER TRANSMISSION EFFICIENCY (η max ) FOR 2-ELEMENT PHASED ARRAY
A phased array with two elements is depicted in Fig. 4 . Port 1 and Port 2 correspond to the two elements of the transmitter, respectively. Port 3 corresponds to the receiver. The two elements of the transmitter are excited by a i = [a 1 , a 2 ] T . The power received by Port 3 is b 3 . According to (5) , the maximum PTE is
where A is a nonzero constant and superscript '' * '' is the complex conjugate operator.
B. CLOSED-FORM EXPRESSION OF MAXIMUM POWER TRANSMISSION EFFICIENCY (η max ) FOR 2-ELEMENT PARASITIC ARRAY
A parasitic array with two elements is depicted in Fig. 5 . Port 1 corresponds to the driver element of the transmitter, Port 2 corresponds to the parasitic element of the transmitter, and Port 3 corresponds to the receiver. With M = 2, (12) reduces to
and the PTE expression in (13) reduces to
where φ r is the phase of the reflection coefficient ( r ) of the reactive load at Port 2. Equation (17) indicates that, power launched from the driver reaches the receiver through two paths: one is directly from the driver to the receiver (i.e., Port 1 → Port 3), and the other is a detour via the parasitic element (i.e., Port 1 → Port 2 → Port 3). Generally, all the scattering parameters in (17) are complex numbers. To facilitate the derivation, we assume that the phases of S 21 , S 22 , and S 32 are all zero, which can always be realized by shifting the reference planes at the three ports. In other words, it is assumed that S 21 , S 22 , and S 32 are all nonnegative real numbers. It is also assumed that the network (that is, the fully-enclosed space) is reciprocal as well as lossless. Then, the 3×3 scattering matrix corresponding to Fig. 5 is a symmetric unitary matrix that satisfies (18) whereĪ is the identity matrix, and the fact that S 21 , S 22 , and S 32 are real numbers is utilized. Specifically from (18),
S 31 S 21 + S 32 S 22 + S 33 S 32 = 0.
Equation (21) can be rewritten as
Notice that, in (22) only S 33 and S 31 are complex. By taking the amplitude square of both sides of (22), we have
where operator ''Re[·]'' selects the real part of the argument. By substituting (23) into (20) and utilizing (19) , 
Equation (26) implies that, S 31 must be located on a circle with radius 1/α and centered at (− √ 1 − β/α, 0) over the complex plane. Consequently, S 31 can be expressed as
where ψ is an angle on the circle with radius 1/α and centered at (− √ 1 − β/α, 0). Substituting (27) into (17) leads to
As illustrated by Fig. 6 , it is clear that
where θ is the angle between e jφ r and e jφ r − √ 1 − β over the complex plane. Note that θ is positive when 0 ≤ φ r ≤ π but negative when -π < φ r < 0. Substituting (29) into (28) yields
Notice that, as φ r changes its value from −π to π , φ r + 2θ also changes between −π and π continuously. Therefore, for any ψ in (30), it is always possible to find an optimal φ opt r 
The closed-form expression for η max of the 2-element parasitic array derived in (33) reveals a ''balanced condition.'' Specifically, |S 21 | stands for the coupling between the driver element and parasitic element, and |S 32 | stands for the coupling between the parasitic element and receiver. When the above two links (that is, driver-to-parasitic and parasiticto-receiver) are balanced, the power transmission efficiency could reach 100%.
The expression in (33) does not show explicit dependence on S 31 . In fact, the range of S 31 is restricted by S 21 and S 32 . Specifically from (24), 
Similarly, given |S 21 | and |S 31 |, the range of |S 32 | is
(37)
C. COMPARISON BETWEEN 2-ELEMENT PHASED ARRAY AND 2-ELEMENT PARASITIC ARRAY IN TERM OF MAXIMUM POWER TRANSMISSION EFFICIENCY (η max )
In the above two subsections, closed-form expressions of maximum power transmission efficiency (η max ) for VOLUME 7, 2019 (15) and (33) respectively. In Fig. 7 , some η max data calculated from (15) and (33) are displayed, in order to compare the performance of 2-element phased array and 2-element parasitic array in the context of wireless power transmission in fully-enclosed space. Figure 7 includes six sub-plots, with the value of |S 21 | 2 fixed from 0.1 to 0.6 respectively. It is noted that, |S 21 | 2 stands for the coupling between driver element and parasitic element: the larger |S 21 | 2 is, the stronger the coupling is. When |S 21 | 2 is fixed, the range of |S 32 | 2 is between 0 and 1 − |S 21 | 2 . With given |S 21 | 2 and |S 32 | 2 , the range of |S 31 | 2 is determined by (36). In each sub-plot, the η max values associated with 2-element phased array (i.e., from (15)) and 2-element parasitic array (i.e., from (33)) are plotted.
It is observed from Fig. 7 that, 2-element parasitic array appears more and more favorable than 2-element phased array with the increase of |S 21 | 2 . Particularly when |S 21 | 2 > 0.4, 2-element parasitic array always outperforms 2-element phased array in term of PTE. This observation agrees with the analysis at the beginning of this section: strong coupling between driver element and parasitic element benefits parasitic array but penalizes phased array.
In Fig. 7(a) , |S 21 | 2 is as small as 0.1. Though the coupling between driver element and parasitic element is weak, in many cases 2-element parasitic array demonstrates better PTE than 2-element phased array. Particularly when the balanced condition (that is, |S 32 | 2 = |S 21 | 2 = 0.1) is satisfied, η max of 2-element parasitic array reaches 100%. Seemingly strange, it can be explained from (17) . When |S 32 | 2 = |S 21 | 2 = 0.1, the numerator of the second term on the right-hand-side of (17) is small. Meanwhile because
8 is a large value, the denominator of the second term on the right-hand-side of (17) could be very small with certain φ r . It is therefore not surprising that η max of 2-element parasitic array could reach 100% even when |S 21 | 2 is as small as 0.1. However as observed from Fig. 7(a) , η max drops quickly when |S 32 | 2 deviates from 0.1. It means that the probability for a 2-element parasitic array to accomplish large PTE is low when |S 21 | 2 is as small as 0.1.
When the value of |S 21 | 2 increases to 0.2 in Fig. 7(b) , the probability for a 2-element parasitic array to accomplish large PTE is much greater than in Fig. 7(a) . Specifically, η max of 2-element parasitic array is above 80% when |S 32 | 2 resides within a wide range (from 0.1 to 0.5, to be specific), from Fig. 7(b) . When |S 21 | 2 = 0.3 in Fig. 7(c) , when |S 21 | 2 = 0.4 in Fig. 7(d) , and when |S 21 | 2 = 0.5 in Fig. 7(e) , it is very probable for a 2-element parasitic array to accomplish PTE above 80% as well. Nevertheless when |S 21 | 2 > 0.5, it is impossible to reach the balanced condition and thus it is impossible for η max to reach 100%.
Based upon the numerical results in Fig. 7 , two conclusions could be drawn.
(i) A 2-element phased array may offer better PTE than a 2-element parasitic array only when the coupling between driver element and parasitic element is weak, which is not very likely in fully-enclosed space. Thus generally, a 2-element parasitic array is expected to outperform a 2-element phased array in term of PTE. (ii) A 2-element parasitic array would offer the optimal performance when 0.2 < |S 21 | 2 < 0.5, that is, when the coupling between driver element and parasitic element is within the range of (−7 dB, −3 dB). Though the above conclusions are obtained by assuming ''M = 2,'' they can be extended to the ''M > 2'' scenarios, as demonstrated by some experimental results in Section III.
III. EXPERIMENTAL RESULTS
Some experimental results are presented in this section to verify the theoretical analysis of Section II. As shown by a photo in Fig. 8 , a cubic box with side length of 1 meter is fabricated with its six walls made of aluminum. Wire antennas made of copper are mounted over the two walls perpendicular to y axis via co-axial connectors. In all of the experiments in this section, the operating frequency is 427 MHz. This frequency selection is based on our prior research in [23] : the wireless channels inside the cubic box do not exhibit serious dispersion around 427 MHz, which facilitates the measurements. All the wire antennas are oriented along y axis with length 17 cm, behaving as quarter-wavelength monopoles. Scattering parameters among antenna ports are measured by a vector network analyzer (VNA) manufactured by Radiasun Instruments with model number AV3620A (as shown in Fig. 8 ). Fig. 8 also demonstrates a parasitic element of a parasitic array terminated by reactive load. The optimal performance of parasitic array calls for adjusting the reactive load continuously over a wide range, which is not an easy job. As a remedy, four discrete reactive loads are applied in our experiments: open, short, an inductor, and a capacitor. As shown in Fig. 8 , the inductor/capacitor is soldered over a printed circuit board and then connected to the parasitic element through a PCB-to-SMA connector. Open has reflection coefficient 1, and short has reflection coefficient −1. The inductive load and capacitive load are selected such that they have reflection coefficients j and −j respectively at frequency 427 MHz. In other words, the four discrete loads correspond to φ r = 0, φ r = 90 • , φ r = 180 • , and φ r = 270 • , respectively, with φ r representing the phase of reflection coefficient. Switching the parasitic elements' termination among the four discrete reactive loads is capable of verifying the analysis of Section II to a large extent, as evidenced by the experimental results below.
Two experimental configurations are reported in this section: a 2-element array and a 4-element array. Results of the two experimental configurations are presented in two subsections below respectively.
A. RESULTS OF A 2-ELEMENT ARRAY
As portrayed by the configuration in Fig. 9 , the transmitter includes two elements located over ''y = 0'' wall, and the receiver includes one element located over the ''y = 100 cm'' wall. In the experiments, the two elements of transmitter have fixed locations as specified in Fig. 9 . First, the receiver's location is fixed at (x = 30 cm, y = 100 cm, z = 30 cm). With the absence of the antenna element at Port 2 (in other words, when the transmitter includes only one antenna element at Port 1), the power transmission efficiency (PTE) between Port 1 and Port 3 is measured to be 31.2%.
Next, when the receiver element's location is (x = 30 cm, y = 100 cm, z = 30 cm) and with the presence of three antenna elements, the 3 × 3 scattering parameter matrix are measured as If the two elements at Port 1 and Port 2 form a phased array, the maximum PTE from the phased array to the receiver, η max , is calculated to be 52.4% using (15) . The 2-element phased array has better PTE than the 1-element transmitter, but not significantly. Suppose the two elements at Port 1 and Port 2 construct a parasitic array, with Port 1 as the driver element and with Port 2 as the parasitic element. The maximum PTE from the parasitic array to the receiver, η max , is calculated to be 99.1% using (33). In the configuration of Fig. 9 , |S 21 |/|S 31 | is almost 1. Thus according to the theoretical derivations of Section II, the parasitic array is able to approach 100% PTE. Figure 10 plots the PTE calculated from (17) , when φ r (the phase of reflection coefficient at Port 2) changes its value from 0 to 360 degrees. Apparently, maximum PTE of 94.6% is reached when φ r = 260 • . The maximum PTE obtained from (17) is very close to the η max from (33), which verifies the theoretical derivations in Section II. The little discrepancy is because the measured scattering parameters are used in (17) and the measurements are prone to errors. The PTE between Port 1 and Port 3 is measured when Port 2 is terminated by the four discrete reactive loads; and, the largest PTE among the four is 87.5% when the load is the capacitor. The capacitive load has 270 degrees as the phase of its reflection coefficient, very close to the optimal φ r value in Fig. 10 . Unsurprisingly, the capacitive load is able to approach the optimal PTE. The capacitive load used in our experiments is not a purelyreactive load; specifically, its return loss is measured to be −0.17 dB. As a result, the measured η max = 87.5% is slightly lower than the theoretical maximum PTE value.
The above measurement and calculation procedure is repeated when the receiver's z coordinate changes with its y coordinate fixed as 100 cm and its x coordinate fixed as 30 cm. The measured and calculated data are tabulated in Table I . When the transmitter (TX) includes only one element, the PTE is always poor in Table I. The 2-element  TABLE 1 . Power Transmission Efficiency (PTE) Associated with the 2-Element Array in Fig. 9. phased array improves the PTE sometimes, but sometimes has poorer PTE compared with the 1-element transmitter. In all the cases of Table I , the 2-element parasitic array demonstrates higher PTE than the 2-element phased array. The η max from (33) and η max from (17) always match each other very well, which verifies the theoretical derivations of Section II. Because there are only four discrete loads in the experiments, the measured η max values are always lower than those predicted by the theory, but not substantially. Out of the seven cases of Table I , the 2-element parasitic array achieves PTE greater than 80% in three cases. However in the other five cases, the 2-element parasitic array is not capable of accomplishing highly-efficient wireless power transmission. In the case listed at the bottom row of Table I Fig. 7 (e) excellently.
As analyzed in Section II, parasitic array's performance is expected to improve with more parasitic elements included, whereas the optimization problem associated with phased array becomes more and more involved with the increase of M , number of array elements. In the next subsection, 4-element arrays are studied experimentally to verify the above analysis.
B. RESULTS OF A 4-ELEMENT ARRAY
As depicted by Fig. 11 , the transmitter includes four elements located over ''y = 0'' wall, and the receiver includes one element located over the ''y = 100 cm'' wall. In the experiments, locations of the four elements in the transmitter are fixed: (x = 30 cm, z = 30 cm), (x = 30 cm, z = 70 cm), (x = 70 cm, z = 30 cm), and (x = 70 cm, z = 70 cm). The receiver element changes its location in the ''y = 100 cm'' plane. The receiver's antenna element is a y-oriented monopole in our experiments. When it is close to ''x = 0,'' ''x = 100 cm'', ''z = 0,'' or ''z = 100 cm'' wall, the monopole would be ''shorted'' by the wall and thus it would be impossible to achieve high PTE. Thus in the experiments, the receiver's location is sampled in region (20 cm ≤ x ≤ 80 cm, 20 cm ≤ z ≤ 80cm), with 10 cm as the spacing between two adjacent samples along either x or z.
With the absence of the antenna elements at Port 2, Port 3, and Port 4 (in other words, when the transmitter includes only one antenna element at Port 1), the PTE between Port 1 and Port 5 is measured and plotted in Fig. 12 . Apparently, without using array the PTE is highly position-sensitive. Suppose the four elements at Port 1, Port 2, Port 3, and Port 4 form a phased array. Following a procedure similar to the previous subsection, the 5 × 5 scattering parameter matrix are measured at each receiver location. The theoretical η max is calculated from (5) and plotted in Fig. 13 . Though the 4-element phased array has better PTE than the 1-element transmitter generally, it is unable to achieve PTE greater than 80% throughout the region.
Next, suppose the four elements at Port 1, Port 2, Port 3, and Port 4 construct a parasitic array, with Port 1 as the driver element and the other three as parasitic elements. The three parasitic elements are assumed to be terminated by purely-reactive loads whose reactance could be adjusted continuously. By making use of the 5 × 5 scattering parameter matrix obtained from measurement, the maximum PTE from the parasitic array to the receiver, η max , can be found via (13) by sweeping the reflection coefficients' phase between 0 and 360 • at the three parasitic ports. As displayed in Fig. 14, the η max value of 4-element parasitic array is above 90% at every location in the region. When the receiver's location is at (x = 50 cm, y = 100 cm, z = 50 cm), several measured scattering parameters are articulated: |S 21 | = −5.99 dB, |S 31 | = −6.76 dB, and |S 41 | = −6.19 dB. In other words, the coupling between the driver element and each parasitic element is designed to be within the optimal range found at the end of Section II (that is, between −7 dB and −3 dB). Though the optimal range is found by assuming there is only one parasitic element, it seems that it also roughly holds true for parasitic array with multiple parasitic elements.
Finally at each receiver location, the PTE between Port 1 and Port 5 is measured when the terminations of Port 2, Port 3, and Port 4 are switched among the four discrete reactive loads; the largest measured PTE among the 
3
= 64 combinations is recorded and plotted in Fig. 15 . At most of the receiver locations, the measured PTE is close to the values in Fig. 14. However at several locations, the measured PTE is as poor as 40%, obviously because the four discrete loads are too few or too sparse to approach the optimal PTE predicted by the theory. We are currently investigating low-cost circuits to adjust reactance values with larger range, smaller loss, and more flexibly, which according to the theory of this paper, would facilitate achieving highlyefficient wireless power transmission in fully-enclosed space.
IV. CONCLUSION
In this paper, phased array and parasitic array are studied and compared with each other in the context of wireless power transmission in fully-enclosed space. Closed-form expressions of maximum power transmission efficiency are derived when the array includes two elements. Theoretical analysis indicates that parasitic array is a better candidate than phased array in term of achieving high power transmission efficiency in fully-enclosed space. With the theoretical analysis as guideline, some experiments are conducted in a cubic box with size of 1 cubic meter and with aluminum walls. Experimental results demonstrate that, parasitic array offers higher power transmission efficiency than phased array in most of the scenarios. To be more specific, the power transmission efficiency could always reach 90% when a parasitic array includes 4 elements (i.e., 1 driver element and 3 parasitic elements) and when the receiver changes its location in a 60 cm by 60 cm region.
On the basis of this paper, we are investigating a retro-reflective beamforming scheme to accomplish efficient wireless power transmission in fully-enclosed space. As illustrated in Fig. 16 , the wireless power transmitter includes an M -element parasitic antenna array with one driver element and (M −1) parasitic elements. The parasitic elements are terminated by tunable purely-reactive loads. The wireless power receiver includes one antenna element. The proposed retroreflective beamforming scheme includes two steps. In the first FIGURE 16. Ongoing research effort: Retro-reflective beamforming scheme based on parasitic array, for wireless power transmission in fully-enclosed space. step ( Fig. 16(a) ), pilot signal, a low-power continuous-wave signal, is broadcasted by the receiver's antenna. A power detector is attached to the driver element. The loads of parasitic elements are adjusted until the power detector's output is maximal. The reactance values of the (M −1) loads corresponding to the maximal power detector's output are recorded as jX 1 , jX 2 , . . . , jX M −1 . In the second step ( Fig. 16(b) ), the driver element is excited by a continuouswave power source with the same frequency as pilot signal, and the receiver antenna is terminated by a matched load.
The (M −1) loads' values are fixed as jX 1 , jX 2 , . . . , jX M −1 . The receiver is expected to receive wireless power with the optimal efficiency in the second step. The scheme in Fig. 16 is termed ''retro-reflective beamforming,'' as it takes advantage of two-way propagation: pilot signal propagation in the first step and wireless power propagation in the second step. It is noted that retro-reflective beamforming associated with phased arrays has been researched extensively (in [16] , for instance). Our current research effort aims to extend the retroreflective beamforming scheme to parasitic arrays.
